A simple and convenient synthetic method was developed to prepare β-hydroxy O-alkyl hydroxylamines in which basemediated ring opening of epoxides with acetophenone oxime followed by cleavage of the oxime with 2,4-dinitrophenylhydrazine in acidic media furnished the hydroxylamine, which can be protected in situ with various N-protecting groups.
O-Alkyl hydroxylamines (or aminooxy compounds), which are non-basic substitutes for amines, 1 are found in various natural products such as L-canaline 2 and in various synthetic products displaying interesting biological activities. 2, 3 Along with their β-hydroxy congeners, 4 these compounds predominantly show enzyme inhibition activities whereby the aminooxy moiety forms a stable oxime with an aldehyde group present on the cofactor. In preparative chemistry these reactive species usually serve as starting material for the preparation of functionalized Oalkyl oximes by simple condensation with aldehydes or ketones, often with quantitative yields and with almost complete functional group compatibility. This classical reaction has undergone a renaissance as a chemoselective ligation strategy and has emerged as a powerful means for the assembly of bioconjugates. 5 In connection with ongoing projects in our laboratory, 6 we required a variety of β-hydroxy O-alkyl hydroxylamines 2 and conceived that these might be accessed by the opening of epoxides 1 by N-protected hydroxylamines followed by deprotection of the nitrogen atom (Scheme 1). Toward this end, the most efficient approach leading to 2 seemed to be a direct opening of epoxide 1 with an N-protected hydroxylamine (i.e., N-Fmoc-hydroxylamine 7 or commercially available N-Boc-hydroxylamine). Surpris-ingly, such protocols are scarcely documented in the literature. In most reports, N-Boc-hydroxylamine is used under basic conditions, which leads to the expected β-hydroxy O-alkyl hydroxylamines in low to modest yields. 4b,c,8 The successful employment of N-hydroxyphthalimide in this context was also described by Porco and co-workers 9 with promotion by a Co-oligosalen catalyst. 10 In pursuit of our goal, we initially looked for viable conditions on commercially available cyclopentene oxide (3h; see Table 1 ). Because the use of potassium carbonate with N-Fmoc-hydroxylamine under Plenkiewicz's conditions 8b showed no discernible conversion ( Table 1 , entry 1), we decided to leave basic conditions aside and investigate the ring opening of epoxide 3h under Lewis acid catalysis conditions ( Table 1 , entries 2-15), which is a method usually used for the insertion of alcohols and/or amines but not yet employed with hydroxylamines as the nucleophile component. The ring opening of epoxide 3h with N-Fmoc-hydroxylamine was first investigated with BF 3 ·Et 2 O in dichloromethane ( Table 1 , entry 2), conditions that are known to be efficient for the reaction of benzyl alcohol with a similar epoxide, 6a but this approach was unsuccessful in this case. The use of lanthanide-based Lewis acids [i.e., Sc(OTf) 3 and Yb(OTf) 3 ] also failed ( Table 1 , entries [3] [4] [5] [6] . Changing the nucleophile to N-Boc hydroxylamine or N-hydroxypiperidine, presumably more nucleophilic species, was also unproductive with numerous types of Lewis acid [LiBr, InCl 3 , ZrCl 4 , Cu(OTf) 2 , or Ti(OiPr) 4 ; Table 1 , entries 7-15]. Finally, we envisaged an alternative two-step procedure based on the intermediate introduction of an oxime under basic conditions as a hydroxylamine precursor, followed by its acid-mediated cleavage to give the expected β-hydroxy O-alkyl hydroxylamine. Oximes are more nucleophilic than hydroxylamines under basic conditions and their high-yield ring-opening of epoxides has been described. 11 Thus, the group of Soltani Rad recently described the aqueous-mediated ring opening of various epoxides with a range of oximes. 11a Their protocol involved the use of a slight excess of potassium hydroxide (1.3 equiv) to deprotonate the oxime (1 equiv) in a mixture of water-dimethyl sulfoxide (DMSO) (7:3) at room temperature, followed by the addition of an excess of epoxide (1.5 equiv). Similar conditions were evaluated on cyclopentene oxide (3h) but with a slight excess of acetophenone oxime, as it would ultimately represent the least precious component in reactions employing more complex epoxides ( With conditions established for the ring-opening of cyclopentene oxide by acetophenone oxime, we next focused on the cleavage of the oxime functionality to liberate the O-alkyl hydroxylamine. After many unfruitful assays under acidic conditions, we found that 2,4-dinitrophenylhydrazine was efficient for the liberation of O-alkyl hydroxylamine from oximes with generation of 2,4-dinitrophenylhydrazone as a by-product. We also established that protection of the hydroxylamine product in situ was possible by reaction with FmocCl, CbzCl, or AllocCl, which provides a means to isolate the target compound in the form of a carbamate, cleavable under basic, acidic, or metal-catalyzed conditions. To evaluate the scope of the process, we tested its versatility towards various epoxides 3, so as to obtain the corresponding β-hydroxy O-alkyl hydroxylamines 5. The results, presented in Table 2 , show regioselective ring-opening of terminal epoxides with preferential attack at the less hindered position ( Table 2 , entries 1-6). The presence of a double bond or an aromatic core did not affect the yield ( . Protection as carbamates in situ was also successful, and 5-8j were obtained in high yields (Table 2, entry 9 ). Finally, the cyclopentene-derived epoxide 1a was opened with acetophenone oxime at 90°C and converted into the Fmoc-protected targeted skeleton 2a in good yield (73%) over two steps (Table 2, entry 10).
In conclusion, we have established a convenient two-step procedure for the synthesis of β-hydroxy O-alkyl hydroxylamines by oxime-mediated regioselective opening of epoxides under basic conditions, followed by cleavage of the resulting oxime by 2,4-dinitrophenylhydrazine. We showed that various protecting groups could be introduced for protection of the highly polar resulting O-alkyl hydroxylamines in situ. The scope of the reaction revealed its good tolerance for alkenes, halogens, and alcohols.
Reactions were performed under an atmosphere of argon and monitored by thin-layer chromatography on Merck silica gel plates (60 F 254 aluminum sheets). All separations were carried out under flashchromatographic conditions on silica gel (Redi Sep prepacked column, 230-400 mesh) with the use of a CombiFlash Companion. N,N-Dimethylformamide (DMF) was purified by filtration through an activated alumina column under argon. MeOH was purchased from Acros Organics at the highest commercial quality and used without further purification. Reagent-grade chemicals were ob- This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. tained from Sigma-Aldrich or Acros Organics chemical companies and were used as received. Optical rotations were measured with an Anton Paar MCP 300 polarimeter at 589 nm and are expressed in deg·cm 3 ·g -1 ·dm -1 and c is expressed in g/100 cm 3 . IR spectra were recorded with a Perkin-Elmer FT-IR system using a diamond window Dura SamplIR II and the data are reported in reciprocal centimeters (cm -1 ). 1 H (500 or 300 MHz) and 13 C (125 or 75 MHz) NMR spectra were recorded with Brüker Avance spectrometers. Chemical shifts are given in ppm (δ) and are referenced to the internal solvent signal or to TMS used as an internal standard. High-resolution mass spectra (HRMS) were recorded with a Micromass LCT Premier XE instrument (Waters) and were determined by electrospray ionization (ESI). Epoxide Opening; General Procedure A Acetophenone oxime (1.5 equiv) and KOH (3 equiv) were dissolved in anhydrous DMF (0.15 M in epoxide) and the solution was stirred at r.t. for 30 min. A solution of epoxide (1 equiv) in anhydrous DMF (0.3 M in epoxide) was then added and the mixture was stirred at the indicated temperature for 16 h. After addition of H 2 O, aq HCl (1 M) was added dropwise until pH 1-2. The mixture was extracted with MTBE (3×) and the combined organic layers were washed with brine, dried over Na 2 SO 4 , and concentrated in vacuo. Purification by column chromatography with the indicated eluent afforded β-hydroxy oxime O-ethers.
(E)-Acetophenone O-[2-Hydroxy-3-(4-methoxyphenoxy)propyl]oxime (4a)
The reaction was carried out according to General Procedure A with glycidyl 4-methoxyphenyl ether (90 mg, 0.5 mmol), acetophenone oxime (101 mg, 0.75 mmol) and KOH (84 mg, 1.5 mmol) in DMF (5 mL). The mixture was stirred at r.t. for 16 h and worked up as described. The crude product was purified by column chromatography (heptane-EtOAc, 95:5→9:1) to give 4a. 
(E)-Acetophenone O-(2-Hydroxyoctyl) Oxime (4b)
The reaction was carried out according to General Procedure A with 1,2-epoxyoctane (128 mg, 1 mmol), acetophenone oxime (203 mg, 1.5 mmol), and KOH (168 mg, 3 mmol) in DMF (10 mL). The mixture was stirred at 50°C for 16 h and worked up as described. The crude product was purified by preparative HPLC (NW50 column, Merck; heptane-EtOAc, 10:0→7:3 over 35 min; 100 mL/min; UV detection at 254 nm) to give 4b. 
(E)-Acetophenone O-(2-Hydroxy-2-methylbut-3-en-1-yl) Oxime (4c)
The reaction was carried out according to General Procedure A with 2-methyl-2-vinyloxirane (84 mg, 1 mmol), acetophenone oxime (203 mg, 1.5 mmol) and KOH (168 mg, 3 mmol) in DMF (10 mL). The mixture was stirred at 50°C for 16 h and worked up as described. The crude product was purified by preparative HPLC (NW50 column, Merck; heptane-EtOAc, 10:0→8:2 over 35 min; 100 mL/min; UV detection at 254 nm) to give 4c.
Yield: 92 mg (0.420 mmol, 84%); colorless oil; R f = 0.24 (heptane-MTBE, 4:1). 
(S,E)-Acetophenone O-(2,3-Dihydroxypropyl) Oxime (4d)
The reaction was carried out according to General Procedure A with (S)-glycidol (74 mg, 1 mmol), acetophenone oxime (203 mg, 1.5 mmol) and KOH (168 mg, 3 mmol) in DMF (10 mL). The mixture was stirred at 90°C for 16 h and worked up as described. The crude product was purified by column chromatography (heptane-EtOAc, 1:1) to give 4d. 
(E)-Acetophenone O-Oxiran-2-ylmethyl Oxime (4e)
The reaction was carried out according to General Procedure A with epichlorohydrin (234 μL, 3 mmol), acetophenone oxime (405 mg, 3 mmol) and KOH (336 mg, 6 mmol) in DMF (20 mL). The mixture was stirred at r.t. for 16 h and worked up as described. The crude product was purified by column chromatography (heptane-EtOAc, 4:1) to give 4e. O-(2-Hydroxy-3-{[(E)-(1-phenylethylidene) 
(1E,1′E)-Acetophenone

amino]oxy}propyl) Oxime (4f)
The reaction was carried out according to General Procedure A with 4e (100 mg, 0.52 mmol), acetophenone oxime (106.1 mg, 0.78 mmol) and KOH (88 mg, 1.6 mmol) in DMF (5 mL). The mixture was stirred at r.t. for 16 h and worked up as described. The crude product was purified by column chromatography (heptane-EtOAc, 7:3) to give 4f. 
(E)-Acetophenone O-[(trans)-2-Hydroxycyclopentyl] Oxime (4h)
The reaction was carried out according to General Procedure A with cyclopentene oxide (50 mg, 0.6 mmol), acetophenone oxime (121 mg, 0.9 mmol) and KOH (100 mg, 1.8 mmol) in DMF (6 mL). The mixture was stirred at 90°C for 16 h and worked up as described. 
(E)-Acetophenone O-[(trans)-2-Hydroxycyclohexyl] Oxime (4i)
The reaction was carried out according to General Procedure A with cyclohexene oxide (46.1 mg, 0.5 mmol), acetophenone oxime (101.3 mg, 0.75 mmol) and KOH (84 mg, 1.5 mmol) in DMF (5 mL). The mixture was stirred at r.t. for 16 h and worked up as described. The crude product was purified by preparative HPLC (Eurospher 100-5 Si column, Knauer; 250 × 20 mm; heptane-EtOAc, 10:0→7:3 over 40 min; 12 mL/min; UV detection at 254 nm) to give 4i. 13 
Compound 4j
The reaction was carried out according to General Procedure A with NAP-protected Cerny's epoxide 6a (142 mg, 0.5 mmol), acetophenone oxime (101 mg, 0.75 mmol) and KOH (84 mg, 1.5 mmol) in DMF (5 mL). The mixture was stirred at 90°C for 16 h and worked up as described. The crude product was purified by column chromatography (heptane-EtOAc, 8:2→7:3) to give 4j. 
(1R,2S,3R,5S)-2-[(Benzyloxy)methyl]-3-(naphthalen-2-ylmethoxy)-6-oxabicyclo[3.1.0]hexane (1a)
To a solution of (1R,2S,3R,5S)-2-[(benzyloxy)methyl]-6-oxabicyclo[3.1.0]hexan-3-ol 6a (205 mg, 0.931 mmol, 1 equiv) in anhydrous DMF (10 mL) were added NaH (60% in mineral oil, 67 mg, 1.68 mmol, 1.8 equiv) and 2-bromomethylnaphthalene (309 mg, 1.40 mmol, 1.5 equiv) and the mixture was stirred at r.t. for 4 h. After addition of crushed ice, the mixture was extracted with MTBE (3 × 10 mL). The combined organic layers were washed with brine (20 mL), dried over Na 2 SO 4 , and concentrated in vacuo. Purification by column chromatography (heptane-EtOAc, 7:3) gave 1a. (C-1), 125.7 (CH-Ar), 125.9 (CH-Ar), 126.0 (CH-Ar), 126.4 (CH-Ar), 127.4 (CH-Ar), 127.6 (CH-Ar), 127.8 (CH-Ar), 128.0 (CH-Ar), 128.3 (CH-Ar), 132.9 (C q -NAP), 133.2 (C q -NAP), 135.9 (C q -NAP), 138.0 (C q -Bn).
HRMS (ESI-TOF): m/z [M + NH 4 ] + calcd for C 24 H 28 NO 3 :
378.2069; found: 378.2070.
(E)-Acetophenone O-{(1R,2R,3R,4R)-3-[(Benzyloxy)methyl]-2hydroxy-4-(naphthalen-2-ylmethoxy)cyclopentyl} Oxime (4k)
The reaction was carried out according to General Procedure A with 1a (23 mg, 0.064 mmol), acetophenone oxime (13 mg, 0.096 mmol) and KOH (11 mg, 0.192 mmol) in DMF (850 μL). The mixture was stirred at 90°C for 16 h and worked up as described. The crude product was purified by column chromatography (heptane-MTBE, 4:1) to give 4k. 
Synthesis of N-Protected O-Alkyl Hydroxylamine; General Procedure B
To a solution of β-hydroxy oxime O-ether (1 equiv) in anhydrous MeOH (0.13 M) were added H 2 SO 4 (10 equiv) and 2,4-dinitrophenylhydrazine (2 equiv) and the mixture was stirred at r.t. for 16 h. After dilution with MeOH (4 × initial volume), powdered NaHCO 3 (20 equiv) was added slowly at 0°C, followed by protecting reagent (5 equiv). The reaction mixture was stirred for 3 h at r.t. and diluted with EtOAc (2 × volume of MeOH). The organic layer was washed with H 2 O (×2), brine, dried over Na 2 SO 4 and concentrated in vacuo. Purification by column chromatography with the indicated eluent gave the expected N-protected β-hydroxy O-alkyl hydroxylamine.
1-(Aminooxy)-3-(4-methoxyphenoxy)propan-2-ol (5a)
To a solution of 4a (79 mg, 0.25 mmol, 1 equiv) in anhydrous MeOH (2 mL) were added H 2 SO 4 (135 μL, 2.5 mmol, 10 equiv) and 2,4-dinitrophenylhydrazine (99 mg, 0.5 mmol, 2 equiv) and the mixture was stirred at r.t. for 16 h. Powdered NaHCO 3 (420 mg, 5 mmol, 20 equiv) was then added slowly and the reaction mixture was diluted with H 2 O (20 mL). The aqueous layer was extracted with EtOAc (3 × 15 mL) and the combined organic layers were washed with H 2 O (20 mL), brine (20 mL), dried over Na 2 SO 4 and concentrated in vacuo. Purification by column chromatography (heptane-EtOAc, 1:1→3:7) gave 5a. 
(9H-Fluoren-9-yl)methyl 2-Hydroxy-3-(4-methoxyphenoxy)propoxycarbamate (6a)
The reaction was carried out according to General Procedure B with 4a (79 mg, 0.25 mmol), 2,4-dinitrophenylhydrazine (99 mg, 0.5 mmol), H 2 SO 4 (135 μL, 2.5 mmol) in MeOH (2 mL), and then with NaHCO 3 (420 mg, 5 mmol) and FmocCl (323 mg, 1.25 mmol) in MeOH (10 mL). The mixture was worked up as described and the crude product was purified by column chromatography (heptane-EtOAc, 8:2→7:3) to give 6a. 
Benzyl 2-Hydroxy-3-(4-methoxyphenoxy)propoxycarbamate (7a)
The reaction was carried out according to General Procedure B with 4a (79 mg, 0.25 mmol), 2,4-dinitrophenylhydrazine (99 mg, 0.5 mmol), H 2 SO 4 (135 μL, 2.5 mmol) in MeOH (2 mL), and then with NaHCO 3 (420 mg, 5 mmol) and CbzCl (188 µL, 1.25 mmol) in MeOH (10 mL). The mixture was worked up as described and the crude product was purified by column chromatography (heptane-EtOAc, 8:2→7:3) to give 7a. 
Allyl 2-Hydroxy-3-(4-methoxyphenoxy)propoxycarbamate (8a)
The reaction was carried out according to General Procedure B with 4a (79 mg, 0.25 mmol), 2,4-dinitrophenylhydrazine (99 mg, 0.5 mmol), H 2 SO 4 (135 μL, 2.5 mmol) in MeOH (2 mL), and then with NaHCO 3 (420 mg, 5 mmol) and AllocCl (133 μL, 1.25 mmol) in MeOH (10 mL). The mixture was worked up as described and the crude product was purified by column chromatography (heptane-EtOAc, 8:2→7:3) to give 8a.
Yield: 66 mg (0.222 mmol, 89%); yellow amorphous solid; R f = 0.18 (heptane-EtOAc, 3:2). ): 3351, 3177, 2933, 2913, 1708, 1507, 1267, 1220, 1104 Fluorenylmethyl {(1R,2R,3S,4R,5R)-3-Hydroxy-2-(naphthalen-2-ylmethoxy)-6,8-dioxabicyclo[3.2 
IR (neat
.1]octan-4-yl}oxycarbamate (6j)
The reaction was carried out according to General Procedure B with 4j (100 mg, 0.238 mmol), 2,4-dinitrophenylhydrazine (94 mg, 0.477 mmol), and H 2 SO 4 (128 μL, 2.38 mmol) in MeOH (2 mL). THF (100 μL) was added to improve the solubility of the starting material. After 16 h at r.t., 2,4-dinitrophenylhydrazine (47 mg, 0.238 mmol, 1 equiv) was added to complete the reaction and the mixture was stirred for 2 h before being diluted with MeOH (8 mL). NaHCO 3 (400 mg, 4.76 mmol) and FmocCl (308 mg, 1.19 mmol) were added and the reaction mixture was stirred at r.t. for 4 h. Addition of NaHCO 3 (200 mg, 2.38 mmol) and FmocCl (154 mg, 0.595 mmol) were necessary to complete the reaction. The mixture was then stirred overnight and worked up as described. Purification by column chromatography (heptane-EtOAc, 4:1→3:2) afforded 6j.
